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Abstract
The foraminifera Mg/Ca palaeothermometer contributes significantly to our under-
standing of palaeoceanic temperature variation. However, since seawater Mg/Ca has
undergone large secular variation and the relationship between seawater and test
Mg/Ca has not been calibrated in detail for any species with a substantial fossil
record, it is only possible to assess relative temperature changes in pre-Pleistocene
fossil samples. In order to establish the basis of accurate quantitative Mg/Ca-
derived deep-time temperature reconstructions, we have calibrated the relationship
between test Mg/Ca, seawater chemistry and temperature in laboratory cultures of
the shallow-dwelling large benthic species Operculina ammonoides. Operculina has
a fossil range extending back to the early Paleogene and is the nearest living relative
of the abundant genus Nummulites. We find a temperature sensitivity of 1.7%◦C-1
and a linear relationship between test and seawater Mg/Ca (Mg/Casw) with m =
-1.9×10−3, within error of the equivalent slope for inorganic calcite. The higher test
Mg/Ca of O. ammonoides compared to inorganic calcite may be explained by an
elevated pH of the calcifying fluid, implying that these foraminifera do not modify
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the Mg/Ca ratio of the seawater from which they calcify, differentiating them in
this respect from most other perforate foraminifera. Applying these calibrations to
previously published fossil data results in palaeo-Mg/Casw reconstruction consistent
with independent proxy evidence. Furthermore, our data enable accurate absolute
palaeotemperature reconstructions if Mg/Casw is constrained by another technique
(e.g. ridge flank vein carbonate; fluid inclusions). Finally, we examine Li, Na, Sr and
Ba incorporation into the test of O. ammonoides and discuss the control exerted by
temperature, seawater chemistry, saturation state and growth rate on these emerging
proxies.
Keywords: Mg/Ca, Operculina, Nummulites , large benthic foraminifera,
palaeotemperature, seawater Mg/Ca
1. Introduction1
The Mg/Ca thermometer is an established palaeoclimatic tool and provides one2
of the most accurate quantitative techniques in Pleistocene-Holocene ocean tem-3
perature reconstruction. Notwithstanding the wealth of information on the climate4
system gained from the such studies, many of the most interesting intervals with5
respect to understanding the controls on Earth system sensitivity lie further back in6
time (Haywood et al., 2011). Since the initial development of the foraminifera Mg/Ca7
temperature proxy (Rosenthal et al., 1997; Nu¨rnberg et al., 1996), many more species8
have been investigated and it is now well known that modern foraminifera exhibit a9
wide range of Mg/Ca ratios that are controlled by calcification physiology as well as10
temperature (summarised in Bentov & Erez, 2006).11
The Mg/Ca palaeothermometer has been applied throughout the Cenozoic (e.g.12
Lear et al., 2000), although it is now clear that there are fundamental complica-13
tions with the use of this proxy deeper in geological time, on top of the so-called14
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‘vital effects’ which introduce unknown error when applying calibrations to extinct15
foraminifera. This is principally because the dependence of test Mg/Ca (Mg/Catest)16
on seawater Mg/Ca (Mg/Casw) is both non-linear and poorly known for all species17
abundant in the fossil record (see Evans & Mu¨ller, 2012, for an overview). Fur-18
thermore, the highest resolution Mg/Casw data available (Fantle & DePaolo, 2006)19
suggest a significant rise (∼2×) over the last 4 Ma, implying that even poorly-20
corrected or uncorrected Mg/Ca data from the Pliocene Warm Period may result in21
inaccurate palaeotemperature estimates. In order for fossil foraminifera Mg/Ca data22
to yield accurate absolute temperature reconstruction, both a Mg/Ca-temperature23
and a Mg/Catest-Mg/Casw calibration is required, along with knowledge of Mg/Casw24
for the time of interest. As far as we are aware, this has not yet been achieved for25
any species. Here, we focus on Operculina ammonoides (Family: Nummulitidae),26
a species closely related to both Heterostegina depressa for which a trace element27
study has been performed (Raitzsch et al., 2010), and the genus Nummulites (within28
the same sub-family) which were widespread throughout the Paleogene (sub)tropics29
to the extent that they are the principal component of some shallow water carbon-30
ates (e.g. Guido et al., 2011). Because of the abundance of nummulitids in the fossil31
record they represent an under-utilised early-mid Cenozoic palaeoclimate archive.32
Operculina are symbiont-bearing, shallow-dwelling benthic foraminifera with a33
peak abundance-depth range comparable to surface-dwelling planktic foraminifera34
(Evans et al., 2013, and references therein). The hyaline (glassy) appearance of the35
test is the result of the non-random orientation of the calcite crystals. Chambers36
are perforate and lamellar; calcite is mineralised each side of an organic matrix37
with the addition of a new layer to the entire outer test every time a new chamber38
is deposited (Reiss, 1958). Previous analyses of a number of fossil and recent non-39
cultured nummulitids have shown that the alkali earth metal distribution coefficients40
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and their response to temperature and seawater chemistry variation are within error,41
therefore calibrations based on extant species can therefore be applied to other species42
within this family in the fossil record (Evans et al., 2013). In order to facilitate43
comparison to previous work (Raitzsch et al., 2010; Evans & Mu¨ller, 2013; Evans44
et al., 2013) and because different parts of the test have subtly different X/Ca ratios,45
we focus our geochemical measurements on the marginal cord, the thickened test46
margin which plays an important reproductive and interchamber cytoplasm transport47
role.48
In order to (1) investigate the controls on trace element incorporation in these49
LBF, (2) provide the basis of more accurate Mg/Ca-based deep-time (pre-Pleistocene)50
temperature reconstruction and (3) place constraints on the nummulitid biomineral-51
isation mechanism, we present the first coupled temperature-seawater chemistry-test52
chemistry calibration for a foraminifera. Whilst we present spatially-resolved data53
for a suite of commonly analysed elements measured by laser-ablation ICPMS, we54
focus on the Mg/Ca ratio of foraminiferal calcite because of its potential for palaeo-55
climate reconstruction and the importance of understanding Mg incorporation for56
the assessment of biomineralisation models.57
2. Materials and methods58
2.1. Culture59
All culturing work was carried out at the Institute of Earth Sciences, The Hebrew60
University of Jerusalem. O. ammonoides were collected from the sediment surface61
from the northernmost Gulf of Eilat (north beach, Eilat) in May 2012 at a depth62
of 10-15 m. Water temperature at the time of collection was 22◦C. O. ammonoides63
were by far the most abundant organism in the sediment and were sampled from64
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the 1.0-1.3 mm size fraction. Live foraminifera were identified as being those which65
climbed container walls. Twelve groups of 50 foraminifera were isolated and placed66
into 130 ml glass-stoppered conical flasks. Seawater collected from the Gulf of Eilat67
was used as the basis for all culture reservoirs. Seawater was sampled upon prepa-68
ration of every new reservoir and cumulative samples of water from the flasks were69
collected at a rate of 1 ml day-1 in order to assess potential water chemistry modi-70
fication by the foraminifera. The water in each flask was completely replaced every71
second day, after which the cultures were sealed with Parafilm to prevent salinity72
modification through evaporation. The different cultures were distributed into water73
baths according to the requirements of each experiment. Water baths were simulta-74
neously cooled and heated to maintain a temperature within ±0.3◦C of the desired75
value. Temperature and light measurements were performed twice per day for each76
water bath. Foraminifera were fed every 1-2 weeks with the diatom Phaeodactylum77
tricornutum. Occasional algal growth on some foraminifera, associated with a sharp78
decrease in calcification rate, was removed by individual specimen cleaning with a79
fine paint brush.80
Growth rate was monitored by measuring the alkalinity of the individual flasks81
every second day using a Metrohm 716 DMS titrino. All measurements were dupli-82
cated and a third replicate sample was analysed if the difference between them was83
greater than 8 µEq l-1. Accuracy was assessed by weekly analysis of the Scripps Insti-84
tute of Oceanography reference seawater (batch 109). Long term data reproducibility85
assessed over a two month period was ±11 µEq l-1.86
All reservoirs were spiked with 0.15 µM BaCl2 to provide a compositional marker87
of calcite grown in culture. Ba was chosen because foraminifera Ba/Ca relates linearly88
to seawater Ba/Ca in planktic species with minor secondary controls (e.g. Lea &89
Spero, 1992; Ho¨nisch et al., 2011), enabling cultured material to be unambiguously90
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identified via LA-ICPMS whilst simultaneously analysing proxy (trace) elements.91
The 0.15 µM spike used here results in seawater with a Ba/Ca ratio of 17.6 µmol92
mol-1, ∼3 times greater than Gulf of Eilat seawater at the time of foraminifera93
collection (6.0 µmol mol-1). Cultures at 22.5 and 25.5◦C and all those in variable94
Mg/Casw ratios were also labelled with calcein at a concentration of 40 µM during95
the first 48 hours of the experimental period.96
All cultures were located in the same place and therefore had similar lighting97
conditions with the exception of those grown at 25.5◦C, which were located near a98
window and were exposed to light intensities ∼10% lower than that provided by the99
artificial laboratory lights. Cultures grown at 27◦C were moved to this location (with100
a greater proportion of natural light) on day 40 of the experiment in order to make101
room for the 22.5◦C water bath.102
2.1.1. Experiment DE1: Temperature variable, constant seawater chemistry103
To investigate the control of temperature on trace element incorporation, six104
water baths were prepared in the range 19-27◦C. Foraminifera cultured at 19, 21,105
24 and 27◦C were grown for two months in duplicate cultures, those at 22.5 and106
25.5◦C were started one month later. There were insufficient remaining foraminifera107
to duplicate these latter experiments. An attempt to culture O. ammonoides at108
18◦C was unsuccessful, resulting in net dissolution. Reservoir water for all of these109
cultures was unmodified Gulf of Eilat seawater (table 1).110
2.1.2. Experiment DE2: Variable seawater Mg/Ca, constant temperature111
The effect of varying Mg/Casw on Mg/Catest in O. ammonoides was investigated112
by culturing foraminifera at five different Mg/Casw ratios in the range 2-7 mol mol
-1
113
(present-day seawater has Mg/Casw = 5.2 mol mol
-1). We found that this species114
ceases to calcify in response to sudden changes in seawater chemistry and therefore115
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had to be gradually acclimatised in order to precipitate CaCO3 in seawater with116
Mg/Ca<4. A rate of Mg/Casw decrease of 0.5 mol mol
-1 day-1 ensured the sur-117
vival and growth of most foraminifera at 2 mol mol-1. Attempts to culture these118
foraminifera at both 1 and 1.5 mol mol-1 were not successful, resulting in growth119
cessation and the retraction of pseudopods. Modified seawater was prepared by mix-120
ing Gulf of Eilat seawater with artificial seawater prepared without Mg following the121
recipe of Millero (1996), with the exception of the seawater with Mg/Ca = 7 mol122
mol-1 which was made by spiking natural seawater with 20 mM MgCl2. Seawater123
[Ca] was invariant between all experiments. Salinity was adjusted to 37h using a124
combination of distilled water and NaCl. Alkalinity was increased to that in the Gulf125
of Eilat at collection via addition of NaHCO3. Individual reservoir characteristics126
are summarised in table 1.127
2.2. Analytical chemistry128
2.2.1. Laser ablation129
Prior to LA-ICPMS analysis, organic material was removed from the foraminifera130
by oxidisation in 10% NaOCl for eight hours. Following this, the foraminifera were131
ultrasonicated for two minutes, rinsed twice with deionised water, ultrasonicated for132
one minute in deionised water, rinsed and then left to dry in a class 100 laminar133
flow air hood overnight. All foraminifera were analysed using the RESOlution M-134
50 prototype 193 nm ArF laser-ablation system at Royal Holloway, coupled to an135
Agilent 7500ce ICPMS (Mu¨ller et al., 2009). In order to analyse the marginal cord136
without sectioning (which risks destroying the final chambers), foraminifera were137
mounted vertically in the ablation cell by pressing individual foraminifera into a138
pressure-sensitive adhesive such that the marginal cord of the final chambers is per-139
pendicular to and coincides precisely with the laser focal plane, facilitating analysis140
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by slow depth-profiling (drilling). Given the curved outer surface of the foraminifera141
we analysed only the final 3-5 chambers in order to remain within the laser focal142
plane. Because 55Mn is an isotope of interest, but suffers from 40Ar15N interference,143
H2 was used instead of N2 as the additional diatomic gas, added downstream of the144
ablation cell. Depth-profiling analyses were carried out using a 44 µm spot and a145
repetition rate of 2 Hz at a fluence of ∼3 J cm-1. Because it is necessary to use146
a signal-smoothing device to avoid ‘beating’ at low repetition rates (Mu¨ller et al.,147
2009), 99% signal washout time was ∼3 s, giving an effective spatial depth resolution148
of ∼0.5 µm. ICPMS setup and data reduction was performed as previously described149
(Mu¨ller et al., 2009; Evans et al., 2013) with the exception of the Ar carrier gas flow150
rate, increased to ∼600 ml min-1 as H2 instead of N2 was used as the additional151
diatomic gas. Isotopes analysed were 7Li, 11B, 24Mg, 25Mg, 27Al, 43Ca, 55Mn, 66Zn,152
88Sr, 89Y, 137Ba, 138Ba, 146Nd and 238U. NIST612 was used as an external (calibra-153
tion) standard, with the exception of B and Ba which were calibrated to NIST610154
and Mg which was calibrated to the MPI-DING komatiite glass GOR132 (Jochum155
et al., 2006). With the exception of Mg/Ca, the calibration standard was chosen156
by assessing GOR128 and GOR132 accuracy using both NIST glasses. GOR132 was157
used to calibrate Mg data as both NIST glasses exhibit Mg heterogeneity (both NIST158
glasses have Mg 2SD of ∼7% compared to 0.9% for GOR132) which is large enough159
to enlarge errors and bias data if too few NIST analyses are performed to obtain a160
representative mean Mg intensity-concentration relationship.161
Accuracy was assessed by calibrating 36 analyses of the MPI-DING glasses GOR132162
and GOR128 to both NIST610 and NIST612. In all cases accuracy for X/Ca ratios163
discussed hereafter is better than 5%, with the exception of Li/Ca (12.4%) and164
Ba/Ca (7.4%). These values are based on the standard combination that resulted165
in the smallest accuracy (with the constraint that the calibration standard must be166
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the same as that used for the foraminifera), as larger offsets were assumed to be the167
result of a combination of error in the reported value of the NIST or MPI glass, or168
heterogeneity in either the calibration standard or that treated as an unknown. A169
detailed assessment of the data quality is given in the supplementary material. It170
was not possible to assess precision by repeat analysis of the foraminifera, as they171
are heterogeneous on a scale smaller than the diameter of the laser beam. Instead we172
report 2SD of the komatiite glasses GOR132 and GOR128. As before, the smallest173
precision value based on all possible NIST-MPI combinations was chosen as larger174
spreads likely indicate standard heterogeneity. Precision for all X/Ca ratios was bet-175
ter than 10% with the exception of Al/Ca and Sr/Ca (<5%) and Ba/Ca (13.7%);176
see the supplementary material for a more comprehensive analysis. Whilst these177
precision data give an indication of the error that should be applied to an individual178
analysis, we do not propagate precision into error bars where the mean of a large179
number of analyses is under consideration.180
2.2.2. Solution ICPMS181
Seawater samples were analysed using an Agilent 7500cx ICPMS at the NERC182
Isotope Geosciences Laboratory (Keyworth, UK). Samples were acidified to 1%183
HNO3 and 0.5% HCl and analysed at 25× dilution with the exception of Mg and184
Ca which were analysed at 50× dilution. Intensity/internal standard ratios were185
calibrated against three trace element (1, 10, 100 ppb) and three major element186
solutions. A pre-run calibration blank was used to define the y-intercept of the cal-187
ibration lines. All samples were analysed twice, both with and without He (5.5 ml188
min-1) in the collision/reaction cell; each reported m/z was monitored only in the189
most appropriate gas mode (see the supplementary material).190
Accuracy and precision were assessed either by triplicate analysis of the seawater191
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standard NASS-4 and the riverine water standard SLRS-2, or using the analyses of192
the experiment seawater reservoirs in the case of Mg/Ca, Na/Ca and Sr/Ca (where193
these ratios were not modified through experimental design) as (1) these elements194
behave conservatively in the ocean and (2) there is no significant freshwater input to195
the Gulf of Eilat, therefore we expect to find ratios equivalent to the bulk ocean. It196
was not possible to assess accuracy for Li or B as no standards were analysed with197
certified values for these elements, in these cases errors are based only on NASS-4198
precision. Similarly, accuracy derived from freshwater standards (Na, Ba, U) should199
be applied to seawater analyses with caution, although we nevertheless do so in the200
absence of a certified seawater standard and note that these data are likely to overes-201
timate error because the ICPMS was configured to optimise data for high-Na samples202
with a very different matrix to riverine water. NASS-4 was diluted in the same way203
as the seawater samples, SLRS-2 was not diluted prior to analysis. All seawater Al,204
Mn, Zn, Y and REE data are below the LOD. Mg/Ca and Sr/Ca accuracy (%) ±205
precision (RSD) derived from all analyses of Gulf of Eilat seawater (reservoir and206
cumulative water samples, n = 14) compared to the Mg/Ca value of Lebel & Poisson207
(1976) and the mean Sr/Ca value of de Villiers (1999) are 3.5±1.5 and 2.5±4.8% re-208
spectively. Na/Ca, Ba/Ca and U/Ca accuracy±precision are 3.6±9.6, 10.2±4.6 and209
2.9±6.5% respectively, based on triplicate SLRS-2 analyses (see the supplementary210
material).211
The major and trace element concentrations of the cumulative water samples are212
within error of the equivalent reservoir. Given that the reservoir samples have less213
potential for contamination (cumulative samples were opened every second day) we214
base our calculation of distribution coefficients on the reservoir seawater analyses.215
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2.3. Carbonate chemistry216
Carbonate chemistry parameters not directly measured (Ωcalcite, [CO
2−
3 ]) were cal-217
culated from alkalinity and pH using the co2sys Matlab function (Lewis & Wallace,218
2006) and the same set of constants as Raitzsch et al. (2010). For the purpose of as-219
sessing the relationship between carbonate chemistry and trace element distribution220
coefficients we use the mean difference between the cumulative water samples (2 ml221
from the cultures was collected every second day when the water in the flasks was222
replenished) and the reservoir. It was necessary to replace the water every two days223
in this way as the foraminifera were cultured in a closed system and were present224
in sufficient number to modify the chemistry of seawater from which they calcified.225
For example, within the variable temperature experiment the pH of the cumulative226
water samples was 0.08 lower on average than that of the reservoir water, translating227
to a carbonate ion concentration reduction of ∼40 µM.228
3. Results229
Compositional data along with calculated physiological and carbonate chemistry230
parameters are shown in tables 2 and 3.231
3.1. Calcification232
3.1.1. Calcification rate233
Cumulative average growth curves derived from alkalinity measurements for each234
of the individual cultures are shown in figure 1. Cultures kept at 24◦C grew con-235
sistently faster than all others, with the exception of culture DE1-7 (27◦C) which236
underwent an increase in growth rate after it was moved on day 40 to an area with237
∼10% lower mean light intensity and a greater proportion of natural light. No geo-238
chemical differences were observed between calcite precipitated prior to and after this239
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time, including elements such as Sr which are known to be growth rate dependent in240
at least some planktic foraminifera (Kisaku¨rek et al., 2008); see the supplementary241
material. A probable explanation is that individual specimen growth rate did not242
change, but rather individuals that were not previously calcifying began to form new243
chambers when moved to an area of lower light intensity, given that each culture con-244
tained 50 individuals and calcification rates represent an average of that number of245
individuals. A change in the number of calcifying individuals rather than the overall246
calcification rate can also explain why no increase in growth rate was observed in247
the repeat culture at this temperature (figure 1). There is no evidence that moving248
this culture resulted in identifiable geochemical bias.249
Light intensity for all cultures was virtually identical (aside from the previously250
mentioned exceptions), therefore this cannot explain the remainder of the inter-251
culture growth rate variation. For cultures of equivalent lighting conditions, those at252
19◦C (DE1-1 and -2) and 27◦C (DE1-7 and -8) grew at 50% of the rate of those at253
24◦C. It is unsurprising that the cultures characterised by the highest growth rates254
were those grown under conditions most similar to that of the mean annual Gulf of255
Eilat temperature at the foraminifera collection depth, although some of the observed256
variation may be a result of acclimatisation to the new conditions. Therefore, it257
is possible that culture growth rates do not translate in any meaningful way to258
natural changes in response to long-term environmental change. Duplicate cultures259
grown at the same temperature exhibit large differences in calcification rate despite260
all other conditions being equal. Repeat cultures show a difference in cumulative261
calcification of up to 360%, although those at 24◦C are within error of each other.262
Because each experiment consisted of 50 foraminifera, these substantial differences263
are unlikely to result from random variation in the initial population and may suggest264
that these foraminifera are capable of influencing overall group calcification rates. All265
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cultures in the variable seawater chemistry experiment, including that with modern266
Mg/Casw, grew at a rate ∼50% of those at the same temperature (24◦C) in the267
Mg/Ca-temperature experiment. Given the variation in growth rate between repeat268
cultures in unmodified seawater, it is not possible to assess whether this was because269
of the modified seawater chemistry.270
Figure 1C shows the relationship between mean Ωcalcite (the average between the271
reservoir and cumulative water Ω for each culture) and growth rate, normalised by272
multiplying by the ratio of the number of foraminifera analysed to the number of273
foraminifera that precipitated at least one chamber during the culture period (see274
table 2). Calcifying foraminifera were identified as those that precipitated at least275
one chamber with elevated Ba/Ca (see section 3.1.2). Normalised growth rate is276
positively correlated with mean culture Ω for the variable temperature experiment,277
although cultures that calcified very slowly (DE1-4 and all DE2) do not fit this trend.278
3.1.2. Identifying cultured calcite279
Calcein labelling and modifying seawater [Ba] are both effective methods of iden-280
tifying new chambers in cultured foraminifera. Newly formed chambers in specimens281
from cultures that were labelled with calcein (table 1) are easily identifiable (figure282
2). The majority of foraminifera precipitated at least one new chamber during the283
labelling period (figure 2A, C, D) from calcein-spiked vacuolised seawater, produc-284
ing highly fluorescent calcite. Preceding chambers are weekly fluorescent because285
these foraminifera add a layer of calcite to their entire outer surface when a new286
chamber is formed (e.g. Erez, 2003), enabling newly formed calcite to be identified in287
foraminifera which did not calcify during the labelling period because new chambers288
are non-fluorescent (figure 2B).289
Examples of laser-ablation profiles of calcifying and non-calcifying specimens are290
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shown in figure 3C and D respectively. These analyses demonstrate that O. am-291
monoides adds a new layer of calcite to the existing marginal cord during chamber292
formation, as some depth profiles show a decrease in both Mg/Ca and Ba/Ca rep-293
resenting the transition from calcite precipitated in culture to pre-existing calcite.294
The Ba/Ca-Mg/Ca pattern of the specimen shown in figure 3C is a result of the295
lower temperature of the Gulf of Eilat in which these foraminifera originally calcified296
(lower test Mg/Ca) compared to the culture temperature (27◦C), unambiguously297
identifiable using Ba/Ca. The specimen shown in figure 3D is characterised by lower298
Mg/Ca and Ba/Ca because it precipitated the analysed calcite prior to collection at299
∼22◦C, and in seawater that was not spiked with BaCl2. Based on such profiles, all300
laser-ablation ICPMS data were categorised into representing new or existing calcite301
by setting a test Ba/Ca cut-off point at 9 µmol mol-1 below which it was judged302
that the analysed material was entirely or partially composed of calcite precipitated303
prior to culture. Furthermore, analyses characterised by Mg/Ca and Ba/Ca 2RSD304
>20% were also excluded on the basis that these were likely to partly consist of305
calcite grown at a temperature other than that of the culture (chamber f-4, figure306
3C Mg/Ca RSD = 21.4% compared to 13.8% for the final chamber which also has307
consistently high Ba/Ca). These data therefore enable the non-qualitative exclusion308
of analyses which represent a mix of calcite precipitated before and after the start of309
the experiment.310
All analyses from the two extremes of the variable temperature experiment are311
shown in figure 3E and F in order to further demonstrate the effectiveness of this312
technique. Each data point in these plots does not necessarily represent a single313
chamber, as it is possible to fit more than one ablation spot on the marginal cord314
within a single chamber (figure 3B). Analyses characterised by relatively low Ba/Ca315
ratios (4-6 µmol mol-1) have Mg/Ca ratios within the range of control specimens that316
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were collected at the same time as cultured individuals but immediately washed and317
dried (Evans et al., 2013), implying that this calcite was formed prior to the start318
of the experiment. These data points are distinct in Mg-Ba space (i.e. there is no319
continuum) from those with high Ba/Ca ratios and Mg/Ca offset from that of non-320
cultured specimens. Within this subset, analyses derived from individuals cultured at321
19◦C have lower Mg/Ca than the control group, whereas the opposite is the case for322
those cultured at 27◦C. This is consistent with the estimated growth temperature323
of these foraminifera prior to collection (early May), which remains at ∼22±1◦C324
from November to April. Therefore calcite precipitated prior to culture (with low325
Ba/Ca) should have an intermediate Mg/Ca ratio between the two extremes of the326
temperature experiment, as observed.327
3.2. Trace element chemistry328
3.2.1. Mg/Ca-temperature calibration329
The results of our temperature calibration experiment define a Mg/Ca sensitivity330
within error of the gradient given by a comparative field calibration of the same331
species (Evans et al., 2013), see figure 4. Linear and exponential regressions describe332
the data equally well. We present both here to facilitate comparison to previous work333
and because the reconstruction of relative temperature shifts in fossil samples is more334
complex with linear Mg/Ca-temperature regressions (see Evans et al. (2013) and335
supplementary material). Based on the culture data presented here, the relationship336
between Mg/Ca and temperature for O. ammonoides is:337
ln(Mg/Ca) = 0.0181± 0.0026× T + 4.52± 0.06 (1)
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Or in linear form:338
Mg/Ca = 2.55± 0.39× T + 81.7± 9.0 (2)
Combining these laboratory culture data with the O. ammonoides field samples of339
Evans et al. (2013) results in the following exponential and linear relationships:340
ln(Mg/Ca) = 0.0168± 0.0018× T + 4.55± 0.05 (3)
341
Mg/Ca = 2.41± 0.24× T + 84.2± 6.1 (4)
All regression errors are ±2SD. Mg/Ca error bars in figure 4 are ±2SE of the mean of342
all analyses for a given culture, effectively comparable to calibrations based on anal-343
yses of multiple dissolved foraminifera analysed by solution ICP-MS/AES. Mg/Ca344
data from duplicate cultures were pooled as no significant offset was observed (ta-345
ble 3). For comparison, data from the small, shallow-dwelling, hyaline benthic346
foraminifera Planoglabratella opercularis (Toyofuku et al., 2000) are also shown in347
figure 4. This species has a slope and intercept (2.23, 89.6) within error of our O.348
ammonoides calibration, although the species are not closely related.349
The Gulf of Eilat seawater used for the culture calibration has a salinity of350
40.65h, up to 8h higher than the sample sites of Evans et al. (2013) which were351
predominantly within SE Asia and characterised by salinities of 33-36h, yet the352
individual calibrations in figure 4 define Mg/Ca-temperature relationships that are353
virtually identical. Data from two other species within the Nummulitidae family, O.354
complanata (Evans et al., 2013) and Heterostegina depressa (Raitzsch et al., 2010),355
the latter cultured at a salinity of 36h, fall on the same line. Therefore, there356
is no evidence that this large salinity difference between sample sites/cultures has357
any control on O. ammonoides Mg/Ca; the offset between foraminifera living at358
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the same temperature but different salinity is always smaller than the error in the359
laser-ablation measurements.360
3.2.2. Test-seawater Mg/Ca relationship361
The relationship between Mg/Catest, DMg ([Mg/Catest]/[Mg/Casw]) and Mg/Casw362
is shown in figure 5. DMg varies linearly with Mg/Casw:363
DMg = −0.00190± 0.00034×Mg/Casw + 0.0366± 0.0016 (5)
Manipulating this calibration by multiplying through by Mg/Casw results in a 2
nd
364
order polynomial relationship between Mg/Casw and Mg/Catest which passes through365
the origin, because [DMg = a×Mg/Casw + b] × Mg/Casw is equivalent to Mg/Catest366
= a×(Mg/Casw)2 + b×Mg/Casw. Therefore, at 24◦C:367
Mg/Catest = −1.98± 0.39× (Mg/Casw)2 + 37.02± 2.16×Mg/Casw (6)
Where Mg/Catest is expressed in mmol mol
-1. The data of Raitzsch et al. (2010)368
derived from H. depressa, are also shown for comparison in figure 5C.369
Previous studies that have examined the shape of the relationship between fluid370
and calcite Mg/Ca in both foraminiferal and inorganic calcite have argued that371
this relationship is best described by a power regression (Ries, 2004; De Choudens-372
Sa´nchez & Gonza´lez, 2009; Hasiuk & Lohmann, 2010; Evans & Mu¨ller, 2012). The373
linear relationship between DMg and Mg/Casw reported here, which implies a poly-374
nomial relationship between Mg/Casw-Mg/Catest, is comparable to that derived from375
inorganic precipitation experiments (Mucci & Morse, 1983) when only data over an376
equivalent range of Mg/Casw values are considered. Whilst all inorganic data (includ-377
ing Mg/Casw ratios >8 and <1) are best described by a power relationship between378
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DMg and Mg/Casw (De Choudens-Sa´nchez & Gonza´lez, 2009; Mucci & Morse, 1983),379
there is no evidence that Cenozoic seawater was characterised at any point by such380
ratios and we therefore limit our discussion to calcite precipitated from seawater381
with Mg/Ca between 1-8 mol mol-1, for which a linear DMg-Mg/Casw regression (and382
therefore a polynomial Mg/Casw-Mg/Catest regression) best describes our data. The383
regressions defined in equations 5 and 6 should not be extrapolated above Mg/Casw384
= 8 mol mol-1, as the vertex of the quadratic Mg/Casw-Mg/Catest regression is ap-385
proached.386
To facilitate comparison to previous studies (e.g. Hasiuk & Lohmann, 2010) we387
also give the equivalent power regressions (these are shown in relation to previous388
foraminifera calibrations in the supplementary material):389
Mg/Catest = 41.4×Mg/Casw0.72 (7)
390
DMg = 0.041×Mg/Casw−0.28 (8)
Which have R2 values of 0.99 and 0.92, the later of which is substantially lower than391
that for a linear DMg-Mg/Casw regression (0.99, figure 5).392
3.2.3. Controls on other proxy trace element incorporation in nummulitid calcite393
Both calcite and seawater were also analysed for Li, Na, Sr and Ba, as these394
are either established or emerging proxy systems in other species and important for395
biomineralisation models. The cultures grown at different temperatures enable this396
potential control on other trace element distribution coefficients to be investigated,397
whilst the artificial-natural seawater mixes of the variable Mg/Casw experiments are398
characterised by variable seawater Li-Na-Sr-Ba/Ca ratios. Specifically, the artificial399
seawater has ∼3× lower Li/Ca whilst Na/Ca and Sr/Ca were ∼15% higher than Gulf400
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of Eilat seawater. The relationships described in this section should be viewed with401
caution given that some variables, namely growth rate and foraminifera-mediated402
saturation state changes, were beyond our control and may simultaneously affect403
proxy incorporation. This complication is not unique to our dataset, although our404
monitoring of growth rate and carbonate chemistry do enable preliminary interpre-405
tations to be drawn.406
Test Li/Ca shows a weak negative correlation with temperature (R2 = 0.48, figure407
6A) with a gradient similar to Cibicidoides pachyderma corrected for saturation408
state Lear et al. (2010); Bryan & Marchitto (2008). There is a strong positive409
relationship between seawater and test Li/Ca (R2 = 0.98) with a slope ∼30 times410
steeper than both the Li/Ca-temperature relationship observed here and the Li/Ca-411
∆CO2−3 relationship observed by Bryan & Marchitto (2008). Saturation state and412
Li/Ca are weakly negatively correlated in the variable seawater chemistry experiment413
(R2 = 0.22) whereas the weak negative relationship between Li/Ca and Ω in the414
variable temperature experiment (figure 6C) is not significant because it is an artefact415
of the Li/Ca-temperature relationship, given that temperature exerts a control on416
Ω. Growth rate is strongly correlated with Li/Ca and Ω in experiment DE2 which is417
not supported by data from experiment DE1, this is likely to be an artefact of lower418
growth rates in the cultures with seawater chemistry most different from natural.419
Na/Ca is weakly positively correlated with culture temperature (R2 = 0.72) and420
uncorrelated with seawater Na/Ca in these experiments (figure 6E). The curved re-421
lationship with Na/Camax at ∼25◦C is similar in appearance to the shape of the422
temperature-growth rate curve for these cultures suggesting that growth rate may423
be the principal reason for Na/Catest variation in our experiments. If the culture with424
the lowest growth rate is considered to be an outlier then growth rate and Na/Ca are425
moderately well correlated (R2 = 0.63, figure 6H), based on the combination of both426
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experiments. Moreover, the data from the variable seawater chemistry experiment427
show a very strong correlation with growth rate, despite constant temperature and428
broadly equivalent Na/Casw. The salient point is that there are significant controls429
on Na/Ca incorporation in O. ammonoides other than salinity, which varies by only430
1h between the cultures in experiment DE2 and yet these cultures show a 4 mmol431
mol-1 (±10%) shift in Na/Ca. An extended discussion of our O. ammonoides Na/Ca432
data in the context of other foraminifera is given in section 4.3 and the supplemen-433
tary material, with particular regard to our analytical and cleaning protocols. We434
demonstrate that the Na/Ca ratios of O. ammonoides, ∼2× higher than some other435
foraminifera, are not artefacts of the sample preparation process.436
There is no evidence for a relationship between Sr/Catest and temperature, Sr/Casw437
(figure 6N) or growth rate control based on our experiments in this foraminifera. See438
below and section 4.3 for an explanation of the lack of a test-seawater Sr/Ca re-439
lationship. Similarly, there is no statistically significant correlation between Ω and440
Sr/Catest (figure 6O).441
Ba/Ca is negatively correlated with temperature (R2 = 0.87, figure 6Q), charac-442
terised by a 0.17 µmol mol-1 decrease ◦C-1. Similarly to the Na/Ca data, the cultures443
at 27◦C are offset from the trend defined by the rest of the experiments, although to444
a lesser extent. Our Ba/Catest-Ba/Casw data confirm the linear relationship observed445
in planktic foraminifera (Ho¨nisch et al., 2011) although the gradient for this species446
is more than four times steeper than that of Orbulina universa. The culture data447
presented here, along with Ba/Ca measurements of non-cultured O. ammonoides448
from both the Gulf of Eilat and several samples from southeast Asia (Evans et al.,449
2013), define the following test-seawater Ba/Ca relationship (R2 = 0.95):450
Ba/Catest = 0.62± 0.003× Ba/Casw (9)
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The Ba/Ca data from the variable seawater chemistry experiment alone define451
a steeper slope (m = 1.16) compared to equation 9. Furthermore, the cultures452
with the highest and lowest Ba/Casw are offset from the line defined by equation453
9 to an extent greater than that which may be reasonably expected based on the454
combined analytical errors for the seawater and calcite data. This implies that455
Ba/Ca has a secondary control other than temperature, and/or that the test-seawater456
relationship is more appropriately described by an exponential relationship (R2 =457
0.97 based on all of the data shown in figure 6R). The data derived from experiment458
DE2 are very strongly correlated with Ω (figure 6S) although this is an artefact459
of the Ba/Casw correlation with mean culture Ω. There is unlikely to be a causal460
relationship between these parameters, although it may not be coincidental that the461
extent to which the foraminifera modified the saturation state of the seawater is well462
correlated with the proportion of Eilat seawater in these artificial:natural seawater463
mixtures. The correlation between Ba/Catest and growth rate for experiment DE2 is464
likely an artefact for similar reasons, the variable temperature experiment does not465
support this relationship.466
As well as the multiple dependent variables that complicate the interpretation467
of the X/Catest-growth rate-Ω relationships (figure 6), these data should also be468
viewed with the caveat that trace element distribution coefficients may influence each469
other. For example Sr/Ca incorporation in inorganic calcite is dependent to some470
extent on calcite Mg/Ca (Mucci & Morse, 1983). Figure 6 implies that there is no471
significant temperature, growth rate or saturation state control on Sr-incorporation472
in O. ammonoides. In particular, the lack of correlation between seawater-test Sr/Ca473
is superficially surprising given that previous work on H. depressa have shown that474
these parameters are highly dependant. Following Mucci & Morse (1983), figure475
7A shows the relationship between test Mg/Ca and DSr. The O. ammonoides DSr-476
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Mg/Catest relationship is within error of that for inorganic calcite (see figure 7A for477
regression coefficients), demonstrating that Mg/Catest is the dominant control on DSr478
in our experiments. This is because the Mg/Catest ratio is far more variable between479
cultures than Sr/Casw, which is why we observe no test-seawater Sr/Ca relationship.480
The data of Raitzsch et al. (2010) for H. depressa also broadly conform to both481
those presented here and to inorganic calcite, although the Mg/Catest-DSr slope is482
far steeper for H. depressa alone (m = 5.13 cf. 0.91 for inorganic calcite). A similar483
plot of DNa-Mg/Cacalcite (figure 7B) shows that for a wide range of foraminiferal484
and inorganic calcites (Ishikawa & Ichikuni (1984); Okumura & Kitano (1986); Wit485
et al. (2013), this study and our unpublished laser-ablation data for Amphistegina486
lobifera), Na-incorporation is also controlled by the Mg/Ca ratio, with a gradient of487
2.94×10−6 per 1 mmol mol-1 increase in Mg/Ca.488
4. Discussion489
4.1. Mg/Ca-derived palaeoreconstruction490
Accurate pre-Pleistocene Mg/Ca palaeothermometry requires a good understand-491
ing of the relationship between Mg/Casw, Mg/Catest and temperature, as well as an492
independent estimate of seawater Mg/Ca for the time interval of interest (Evans &493
Mu¨ller, 2012). Given that the majority of proxy and model data show that seawater494
was characterised by lower Mg/Ca throughout almost all of the Cenozoic compared to495
the present day (e.g. Coggon et al., 2010; Stanley & Hardie, 1998), Mg/Ca data from496
fossil material older than a few million years may at best only be used to reconstruct497
relative changes in temperature. Although previous calibrations between seawater498
and test Mg/Ca have been carried out at lower than present-day Mg/Casw values499
for Globigerinoides sacculifer (Delaney et al., 1985) and two species of Amphistegina500
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(Segev & Erez, 2006), these currently have limited applicability because Delaney501
et al. (1985) simultaneously varied several experimental parameters and there is no502
published Mg/Ca-temperature calibration for Amphistegina. Here, we show how503
our data may be used to accurately reconstruct absolute temperature derived from504
Mg/Ca measurements of pre-Pleistocene foraminifera, when seawater Mg/Ca cannot505
be assumed to be the same as present day.506
The consistency of the Mg/Ca-temperature relationship between the field and507
laboratory, at different salinities, in seawater with different trace element chemistry,508
and between species in this family (figure 4) strongly suggests that secondary controls509
do not exert an influence on Mg/Catest greater than the magnitude of analytical error.510
Therefore, equations 3-6 can be applied to fossil nummulitids with confidence, based511
on the combined data from field and laboratory cultured foraminifera. The data of512
Toyofuku et al. (2000) show that for a different shallow benthic foraminifera with a513
similar Mg/Ca-temperature sensitivity and Mg/Ca ratios to O. ammonoides (figure514
4) salinity also does not significantly affect Mg incorporation, further demonstrating515
the robustness of Mg/Ca palaeothermometry based on these high-Mg foraminifera516
in the fossil record.517
Following Evans & Mu¨ller (2012), coupling equations 4 and 6 defines a surface518
in temperature-Mg/Catest-Mg/Casw space that, given a fossil Mg/Ca measurement,519
can be used to reconstruct either temperature or Mg/Casw if the other parameter is520
constrained independently (figure 5C):521
Mg/Catest =
−1.98× (Mg/Cat=tsw )2 + 37.0×Mg/Cat=tsw
−1.98× (Mg/Cat=0sw )2 + 37.0×Mg/Cat=0sw
× 94.8 exp0.0168T (10)
Where t=0 is the present and t=t is some point in the past. Coupling the cali-522
brations in this way assumes that solution Mg/Ca does not alter the exponential523
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constant of the Mg/Ca-temperature calibration. Whilst the mathematical form of524
this relationship differs slightly from the methodology described in Evans & Mu¨ller525
(2012) in that it is based on a polynomial rather than a power relationship between526
Mg/Casw and Mg/Catest, using such a relationship does not alter the conclusions of527
Evans & Mu¨ller (2012) because both types of regression produce a convex-up curve528
that predicts a higher Mg/Catest at a given Mg/Casw compared to the widely held529
assumption that there is a linear relationship between these two parameters. There-530
fore, the data we report here support the conclusions of Evans & Mu¨ller (2012) and531
it may be the case that planktic foraminifera and other marine organisms do mediate532
the calcification process such that a power relationship between test-seawater Mg/Ca533
most appropriately describes the data. We also stress that the calibrations presented534
here are consistent with those previously established for inorganic calcite, which in-535
dicate that over a very wide range of Mg/Casw values (0.25-10 mol mol
-1) a power536
relationship best describes the change in DMg with Mg/Casw (De Choudens-Sa´nchez537
& Gonza´lez, 2009). However, we fit a linear regression between these parameters as538
this most parsimoniously describes our data as well as the subset of inorganic calcite539
data over the range Mg/Casw = 1-8 mol mol
-1.540
Equation 10 defines a surface in Mg/Casw-Mg/Catest-temperature space (figure541
5C). Given that it appears that secondary controls on Mg/Ca are within analytical542
error for this group of foraminifera, the point of intersection of this surface with any543
two of the three planes defined by a fossil Mg/Ca measurement and a palaeotemper-544
ature or Mg/Casw reconstruction defines the position of the third. It is not possible545
to produce an absolute paleotemperature or Mg/Casw reconstruction if the shape of546
this surface is not calibrated in these three dimensions. Applying this coupled cali-547
bration to the Eocene (Bartonian) fossil data reported in Evans et al. (2013) yields548
a reconstructed Mg/Casw of 2.38±0.23 mol mol-1.549
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Whilst we provide the basis for the first accurate Mg/Ca-derived palaeotemper-550
atures, considerable further work is required before this palaeothermometer can be551
accurately applied to samples older than ∼1-2 Ma. Aside from complications result-552
ing from secondary controls on Mg incorporation into foraminiferal calcite (with the553
exception of the nummulitids), three significant advances are required before this554
proxy can be widely applied with confidence: (1) the validity of assuming the con-555
stancy of the exponential component of a Mg/Ca-temperature calibration must be556
tested (see the supplementary material for further discussion), (2) an accurate, Ma-557
resolution Cenozoic Mg/Casw record is required and (3) coupled calibrations such as558
the one presented here are needed for planktic foraminifera widely utilised in ocean559
sediment cores.560
4.2. Implications for biomineralisation561
These foraminifera are characterised by test Mg/Ca ratios 10-100 times higher562
than planktic or deep-benthic foraminifera which typically have Mg/Ca <10 mmol563
mol-1 (e.g. Nu¨rnberg et al., 1996; Lear et al., 2002). Furthermore, the gradient of564
the relationship between Mg/Ca and temperature for O. ammonoides (equations 1-565
4; ∼1.7%◦C-1) is much shallower than that for almost all other foraminifera species566
for which this relationship has been calibrated; planktic foraminifera are typically567
characterised by Mg/Ca-temperature calibration slopes which increase by more than568
7%◦C-1 (e.g. Kisaku¨rek et al., 2008). Several features of our laboratory culture data569
suggest that the biomineralisation mechanism of O. ammonoides resembles inorganic570
precipitation from seawater with unmodified elemental chemistry. The gradient of571
the DMg-Mg/Casw calibration is within error of the respective slope for inorganic572
calcite precipitation (Mucci & Morse, 1983), and the relationship between DMg and573
temperature is much closer to that of inorganic calcite than to any other foraminifera574
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(Oomori et al., 1987), see figure 8. This may suggest that, with the exception of the575
carbonate chemistry, these foraminifera do not significantly biologically mediate the576
major and trace element chemistry of the solution in the calcifying space from that577
of seawater.578
Given that foraminifera are known to elevate the pH of the internal seawater vac-579
uoles that arrive to the site of calcification (Bentov et al., 2009), the DMg offset we580
observe between O. ammonoides and inorganic calcite for a given Mg/Casw and tem-581
perature may be entirely explained by the biologically-mediated pH elevation during582
calcite precipitation (figure 8). This is because there is good evidence that pH ex-583
erts a control on the DMg of inorganic calcite (Burton & Walter, 1991) which likely584
accounts for the offset of our calibration to higher Mg/Catest ratios at a given seawa-585
ter Mg/Ca ratio; these authors observed DMg ∼0.006 higher at pH 8.9 compared to586
precipitates at normal seawater pH. If this hypothesis is correct, it provides further587
evidence that the calcification mechanism in O. ammonoides is not fundamentally588
different from inorganic precipitation from high-pH seawater. The y-intercept offset589
between our calibration and that for inorganic calcite provides a rudimentary way of590
calculating the pH of the calcification site, assuming that this relationship is indeed591
the case for this foraminifer, given that Burton & Walter (1991) demonstrate that592
DMg dependence on pH is linear, and that there is no significant temperature effect593
on the slope of this relationship. Inorganic calcite DMg-pH gradients vary inconsis-594
tently between 6.2-7.7×10−3 over the range 25-45◦C but are all within error of each595
other. Applying these slopes to the O. ammonoides-inorganic offset between DMg596
and Mg/Casw or temperature shown in figure 8 would imply pH at the calcification597
site elevated 1.1-1.4 units above normal seawater, which is in broad agreement with598
Bentov et al. (2009) and de Nooijer et al. (2009).599
The similarity between the relationship between Mg/Ca-temperature and seawater-600
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test Mg/Ca in this family and inorganic calcite may suggest a different biominerali-601
sation mechanism to other foraminifera (with the exception of P. opercularis which602
has a similar or identical Mg/Ca-temperature slope to O. ammonoides (Toyofuku603
et al., 2000); figure 4), or at least a greatly reduced or absent role of calcite Mg/Ca604
manipulation by mitochondrial sequestration or binding with enzymes such as ATP,605
as suggested for other foraminifera (Bentov & Erez, 2006). It therefore seems possi-606
ble that these foraminifera calcify by forcing inorganic precipitation from vacuolised607
seawater with an elevated pH but unmodified Mg-Sr/Ca. In order to precipitate608
7 µg CaCO3 day
-1 (the maximum observed growth rate) these foraminifera would609
need to cycle ∼14× their own volume in seawater which seems possible given the610
size and abundance of large vesicles observed in other large benthic species (e.g. Ben-611
tov et al., 2009). Elevating the pH of internal seawater vacuoles is consistent with612
a carbon concentrating mechanism such as that demonstrated by ter Kuile & Erez613
(1987) and ter Kuile et al. (1989) using the mechanism suggested by Bentov et al.614
(2009), whereby the foraminifer elevates the pH of the vacuole enabling diffusion of615
respiratory CO2 from the surrounding cytoplasm and acidic seawater vesicles, which616
is necessary because modern seawater has [Ca2+] = 10.2 mM but [CO2−3 ] = ∼200617
µM. In contrast, it is difficult to explain the high Mg/Ca ratio of the calcite produced618
by these foraminifera through modification of the concentration of the alkali earth619
metals in the seawater vacuoles as it would imply that Mg is being added rather than620
removed. Inorganic precipitation experiments investigating trace element distribu-621
tion coefficients other than DMg conducted at elevated pH would test the validity of622
this model, as would Mg isotope measurements (Pogge von Strandmann, 2008).623
The higher Na/Ca ratios of O. ammonoides compared to planktic foraminifera624
(Delaney et al., 1985), a low-Mg benthic foraminifera (Wit et al., 2013) and inorganic625
precipitates (Ishikawa & Ichikuni, 1984; Okumura & Kitano, 1986) is a direct result626
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of the higher Mg/Ca ratios of this species (figure 7B). The inorganic precipitates627
described by (Ishikawa & Ichikuni, 1984; Okumura & Kitano, 1986) are characterised628
by DNa similar to low-Mg foraminifera because they were precipitated from solutions629
with very low [Mg]. The relatively high Sr/Ca ratios of these foraminifera compared630
to other species is a consequence of lattice distortion as a result of their higher Mg631
concentration, as previously suggested for inorganic calcite (Mucci & Morse, 1983),632
see figure 7. The data compilation shown in figure 7B suggests that DNa may also be633
similarly controlled, even though Na occupies a interstitial site (Ishikawa & Ichikuni,634
1984). This accounts for DNa in O. ammonoides 2-3× that of previously studied635
foraminifera, as test Mg/Ca is two orders of magnitude higher than the species636
utilised by Wit et al. (2013). Whilst this explains the broad inter-species differences637
in Na/Ca, it does not negate our discussion of other controls on Na incorporation as638
a significant complication for this proxy (section 4.3) because the DNa-Mg/Cacalcite639
slope is low; other factors dominantly control Na incorporation within a narrower640
range of test Mg/Ca ratios.641
The nummulitids originated in the late Cretaceous or early Paleocene (Hottinger,642
1977) when seawater Mg/Ca was much lower than at present (e.g. Dickson, 2004).643
Early Cenozoic seawater [Ca] may have been ∼2× present day (Horita et al., 2002)644
and Mg discrimination during calcification was less important because at this time645
this biomineralisation mechanism would have produced calcite with an acceptably646
low Mg/Ca ratio (figure 5) without the requirement for energetically expensive bio-647
logical processes to modify the chemistry of seawater vacuoles.648
The consistency of our data with that of Raitzsch et al. (2010) provides fur-649
ther evidence that this biomineralisation mechanism is common to all nummulitid650
foraminifera (see also Evans et al. (2013) for data regarding proxy incorporation in651
O. complanata and Nummulites). Because Raitzsch et al. (2010) varied seawater652
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[Ca] and [Mg], whereas we modified only seawater [Mg] in our variable chemistry653
experiment, these datasets furthermore demonstrate that it is the seawater Mg/Ca654
ratio that is the dominant control on test chemistry, as also shown by Segev & Erez655
(2006). This means that the application of these calibrations to fossil foraminifera656
do not suffer from uncertainty regarding the absolute secular variation in seawater657
Mg or Ca concentration.658
4.3. Implications for other proxy systems659
Since Cd/Ca was initially identified as a proxy in foraminiferal calcite (Hester &660
Boyle, 1982), many other trace element systems have been developed which relate661
to a number of environmental or physiological parameters (reviewed by Katz et al.,662
2010). Here, we focus on Li, Na and Ba incorporation because these proxies are663
actively undergoing refinement and we find multiple controlling factors for each.664
Li incorporation into O. ammonoides is strongly controlled by both Li/Casw and665
temperature. Whilst we cannot eliminate further complicating factors in the applica-666
tion of foraminifera Li/Ca data based on our cultures, the inconsistent relationship667
between Li/Ca and Ω or growth rate between the two experiments strongly sug-668
gest that these variables exert at most a relatively minor control on test Li/Ca.669
The strong correlation observed between seawater and test Li/Ca (figure 6B) has670
significant implications for the use of Li/Ca or coupled Li-Mg/Ca data for simul-671
taneous ∆CO2−3 -temperature reconstructions (e.g. Bryan & Marchitto, 2008; Lear672
et al., 2010). Although it is likely that the slope of this relationship (m = 29.0) is673
steeper than that for planktic or deep benthic foraminifera (cf. Delaney et al., 1985)674
– our seawater-test Ba/Ca slope is much higher than that of planktic foraminifera675
– it is clear that relatively small shifts in Li/Casw may result in Li/Catest variation676
equally as great as that resulting from temperature or ∆CO2−3 . Whilst the relatively677
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long residence time of Li and Ca in the ocean (2.5-4 Ma and 1-1.5 Ma respectively (Li,678
1982)) eliminates secular variation in Li/Casw as a complication on glacial-interglacial679
timescales, such changes may be significant in relation to records spanning several680
Ma, particularly across geological events such as the early Oligocene glaciation (Lear681
& Rosenthal, 2006) that might reasonably be expected to be associated with large682
changes in weathering rates.683
Na/Ca in O. ammonoides is sensitive to temperature and growth rate across684
the range that these parameters varied in our experiments, which were at constant685
salinity within each experiment (variable temperature; variable seawater chemistry).686
Our data are consistent with that of Delaney et al. (1985), who also found a broad687
(inter-species) relationship between Na/Catest and temperature. Our data broadly688
support those of Wit et al. (2013) in that Na/Catest is higher in experiments con-689
ducted at a salinity of 41h compared to those at 37h, although this may be a result690
of the higher growth rates in cultures at higher salinity. It is clear that the overprint691
from growth rate and/or temperature is significant to the point that it is difficult692
to see how this potential proxy would be applied in the fossil record without some693
independent constraint of these parameters. Utilising foraminiferal Na/Ca ratios as694
a palaeosalinity proxy may also be complicated by the location of Na+ ions within695
the calcite lattice. Because it is likely that a predominant proportion of calcite and696
aragonite Na+ is located in interstitial sites (Ishikawa & Ichikuni, 1984; Mitsuguchi697
et al., 2001), this may make fossil Na/Ca especially susceptible to diagenesis.698
We find no significant relationship between foraminifera Sr/Ca and any of the699
investigated variables with the exception of the Mg/Ca ratio of calcite (figure 7),700
an artefact of the large variation in Mg/Catest in these experiments which exerts701
a greater control on DSr than the other varied parameters (figure 7) and explains702
the poor correlation between test-seawater Sr/Ca (figure 6N). The much steeper703
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DSr-Mg/Cacalcite slope of H. depressa (Raitzsch et al., 2010) suggests that Mg incor-704
poration is not the only control on DSr and may be the result of the highly variable705
saturation state and/or seawater [Ca] and [Mg] of these experiments. However, ap-706
plying a correction to the data of (Raitzsch et al., 2010) for the variable test Mg/Ca707
in their experiments suggests that the slope of their Ω-DSr regression should be re-708
duced from 8.7×10−3 to 7.1×10−3. Finally, low-Mg planktic and benthic foraminifera709
such as Orbulina universa (Russell et al., 2004) and Ammonia tepida (Raitzsch et al.,710
2010) fall broadly on the same DSr-Mg/Cacalcite line (figure 7), strongly suggesting711
that the lower Mg/Ca ratio of planktic and low-Mg benthic foraminifera directly712
results in the lower DSr of these foraminifera.713
Evans et al. (2013) used the inorganic DSr-Mg/Cacalcite relationship to correct714
Eocene fossil Sr/Ca data before using the calculated DSr to reconstruct Eocene715
Sr/Casw. At the time it was not certain that the data should be corrected in this716
way but these reconstructions can now be viewed with increased confidence.717
The steep test-seawater Ba/Ca slope relative to planktic foraminifera potentially718
make the nummulitids a more sensitive archive of Ba/Casw. The shallow depth-719
distribution of these foraminifera give them the potential to be good indicators of720
upwelling or freshwater flux to the surface ocean in the fossil record. Whilst there is721
no growth rate or saturation state control on Ba incorporation based on our data, we722
observe a significant temperature dependency, although a ∼6◦C temperature shift723
is required to produce the same variation in Ba/Catest as a 1 µmol mol
-1 change in724
Ba/Casw. Previous studies (e.g. Ho¨nisch et al., 2011) investigating this relationship725
in planktic foraminifera find no significant temperature dependence on Ba/Catest,726
implying that it is observable in O. ammonoides because unlike planktic foraminifera,727
the Ba/Ca-temperature sensitivity is greater than analytical uncertainty.728
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5. Conclusion729
We have performed laboratory calibrations on the shallow-dwelling large benthic730
foraminifera species Operculina ammonoides, principally in order to investigate the731
control exerted by temperature and seawater Mg/Ca on Mg incorporation in the732
calcite test. Based on laser-ablation ICPMS measurements at sub-chamber reso-733
lution facilitating unequivocal discrimination of calcite precipitated during culture,734
we find a Mg/Ca-temperature sensitivity of ∼1.7%◦C-1, in good agreement with the735
field calibration of Evans et al. (2013), and a DMg-Mg/Casw gradient of -1.9×10−3.736
To our knowledge, this is the first time that this relationship has been investigated737
in detail in three-dimensional Mg/Catest-Mg/Casw-temperature space. This coupled738
calibration provides a way forward in the reconstruction of accurate Mg/Ca-derived739
palaeotemperatures from time periods with non-modern Mg/Casw (pre-Pleistocene),740
or conversely a method of accurate Mg/Casw reconstruction if palaeotemperature741
can be independently constrained. The similarity between these calibrations and742
those of inorganic calcite precipitation experiments imply that the biomineralisa-743
tion mechanism of O. ammonoides is fundamentally different to other planktic and744
benthic species, in that this foraminifera appears to lack a mechanism capable of745
reducing the Mg/Ca ratio of the calcifying fluid. From a proxy development per-746
spective this may be advantageous as the wealth of information regarding inorganic747
calcite precipitation is likely to be applicable to the nummulitid foraminifera.748
Finally, we show data providing preliminary assessment of other proxy trace el-749
ement systems (Li, Na, Sr, Ba) in O. ammonoides. We find significant multiple750
controls on Li, Na and Ba incorporation, highlighting the need for a good under-751
standing of the control that all variables exert on such systems, particularly those752
such as growth rate which are challenging to constrain independently in the fossil753
32
record.754
The abundance of fossil Operculina and closely related genera in climatically755
relevant periods of geological time such as the Eocene, and the longevity of these756
large benthic foraminifera, facilitating palaeo-seasonal proxy retrieval (Evans et al.,757
2013; Evans & Mu¨ller, 2013), make this species, and large benthic species in general,758
deserving of more detailed investigation.759
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Figure 1: Cumulative growth rates for each culture within (A) the variable temperature, constant seawater chemistry
experiment (DE1) and (B) the variable seawater chemistry, constant temperature experiment (DE2). (C) The relationship
between growth rate and mean calcite saturation state. With the exception of culture DE1-4 (highlighted), normalised
growth rate is broadly positively correlated with Ωcalcite (see text for details).
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2 mm
Figure 2: Fluorescent confocal microscope images of calcein labelled O. ammonoides. Chambers that were grown during the
calcein labelling period (48 hours) are highlighted with arrows, marking the point from which calcite was first grown under
controlled culture conditions (see text for details). Note that the specimen shown in B did not form any chambers during
the labelling period but formed three chambers subsequently, brackets show chambers precipitated during the experimental
period. In addition, all four specimens added secondary laminae to the existing chambers, which is the reason that the
majority of the foraminifera are weakly fluorescent.
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Figure 3: (A) Live Operculina ammonoides under cross-polarised light. (B) Post-analysis view of a specimen mounted sub-
vertically in the ablation chamber. Laser craters are 44 µm in diameter. (C-F) Using a seawater Ba-spike (0.15 µM) in order
to identify material precipitated during the culture period. (C) A specimen cultured at 27◦C that precipitated new chambers
during the culture period (elevated test Ba/Ca) and (D) a specimen that stopped calcifying when placed in culture. Ba/Ca
ratios are shown as a function of colour. 11-point Mg/Ca running means are plotted. Time was converted to depth assuming
that each laser pulse removes 80 nm of calcite. (E,F) All analyses for the 19◦C and the 27◦C Mg/Ca-temperature calibration
experiments respectively, demonstrating the effectiveness of this technique at discriminating newly formed and pre-existing
calcite. Mg/Ca is relatively lower and higher in experiments conducted at 19◦C and 27◦C respectively compared to pre-
culture calcite, as expected given that these foraminifera were taken from seawater with a winter-spring average temperature
of ∼22◦C.
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Figure 5: The relationship between (A) test Mg/Ca and (B) the Mg/Ca distribution coefficient with seawater Mg/Ca. The
linear relationship between DMg and Mg/Casw implies a 2
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Figure 6: Li-Na-Mg-Sr-Ba relationships with temperature, seawater chemistry, mean saturation state and growth rate. A
normalisation factor was applied to the growth rate in order to correct for potential bias relating to foraminifera which
did not calcify at all; growth rate is calculated from alkalinity, individual foraminifera were not monitored which may be a
cause of significant inaccuracy in these estimates. Closed symbols represent data from the variable temperature experiment
and open symbols represent data from the variable seawater chemistry experiment. Repeat experiments under equivalent
conditions were not pooled for these plots because growth rate and calculated carbonate chemistry varied between these
repeats. Error bars are 2SE for LA-ICPMS foraminifera data and 2SD precision for seawater data.
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Figure 7: (A) The relationship between Mg/Cacalcite and DSr. Our data for O. ammonoides fall on the same trend as that
for inorganic calcite (Mucci & Morse, 1983). The analyses of Raitzsch et al. (2010) of the closely related foraminifera H.
depressa are also broadly consistent with this trend, as are data from low-Mg planktic (O. universa; Russell et al., 2004) and
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values, and foraminifera are known to elevate the pH of internal seawater vacuoles.
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Table 1: Summary of experimental temperature and seawater characteristics for all foraminifera cultures. ESW and ASW
denote natural Gulf of Eilat seawater and artificial seawater prepared with no Mg respectively. The increased alkalinity
uncertainty for groups DE2-17(6) and 16(5) is the result of the preparation of new reservoirs with higher alkalinity midway
through the experiment.
Sample prefix Temp.
(◦C)
Mg/Casw
(mol mol-1)
[Ca]
(mM)
Ratio
ESW:ASW
Salinity
(h) pH Alkalinity(mEq l-1)
Experiment 1: Variable temperature
(DE1-) 1-8; 24; 25 19-27 5.42 12.3 1:0 40.7 8.05 2.487-2.503
Experiment 2: Variable Mg/Casw
DE2-17(6) 24 6.82 10.7 1:0 38.0 8.09 2.175±0.143
DE2-16(5) 24 5.33 10.6 1:0 37.0 8.05 2.243±0.086
DE2-20(7) 24 4.28 11.3 4:1 37.0 7.98 2.318±0.018
DE2-21(8) 24 3.34 11.7 3:2 37.0 8.04 2.505±0.021
DE2-22(9) 24 2.27 11.4 2:3 37.0 8.14 2.502±0.022
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Table 2: Reservoir and cumulative water sample carbonate chemistry and indicators of growth rate. Column n1 gives the
number of foraminifera that added at least one new chamber (the number of foraminifera analysed is shown in brackets)
based on specimens with at least one analysis characterised by elevated Ba/Ca. Column n2 gives the number of laser ablation
depth-profiles positioned on calcite precipitated during the experimental period (the total number of analyses are shown in
brackets). Normalised growth rate = growth rate × (total foraminifera analysed)/(foraminifera that precipitated at least
one chamber in culture).
reservoir cumulative samples growth rate
Culture Temp. Ω [CO2−3 ] alkalinity pH Ω [CO
2−
3 ] n1 n2 mean normalised
(◦C) (µM) (µEq l-1) (µM) (µg CaCO3 ind.-1 d-1)
DE1-1 18.9 5.11 224 2443 7.99 4.31 189 7(8) 23(37) 2.9 3.3
DE1-2 18.9 5.11 224 2474 7.97 4.25 187 2(8) 8(42) 1.2 4.8
DE1-3 20.9 5.42 238 2432 7.98 4.45 195 8(8) 27(35) 3.5 3.5
DE1-4 20.9 5.42 238 2482 8.01 4.88 214 3(4) 8(19) 0.8 1.0
DE1-24 22.5 5.67 249 2460 7.96 4.58 201 5(8) 14(37) 2.3 3.8
DE1-5 24.0 5.93 260 2411 7.97 4.77 209 8(8) 30(37) 4.8 4.8
DE1-6 24.0 5.93 260 2404 7.94 4.47 196 4(4) 14(16) 5.0 5.0
DE1-25 25.6 6.20 272 2436 7.98 5.16 226 9(14) 25(73) 3.4 5.3
DE1-7 27.0 6.48 284 2404 7.98 5.39 236 5(7) 23(36) 5.1 7.2
DE1-8 27.0 6.48 284 2443 8.02 5.74 251 6(8) 26(51) 2.9 3.8
DE2-17(6) 24.0 5.31 227 2067 7.84 3.10 132 4(7) 9(30) 1.5 2.7
DE2-16(5) 24.0 5.09 215 2317 7.67 2.49 105 7(8) 27(36) 2.3 2.6
DE2-20(7) 24.0 4.65 197 2517 7.56 2.14 91 7(8) 27(35) 2.3 2.6
DE2-21(8) 24.0 5.61 237 2451 7.71 2.86 121 7(8) 26(32) 2.1 2.3
DE2-22(9) 24.0 6.66 282 2456 7.67 2.64 112 6(8) 20(34) 1.5 1.9
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Table 3: Seawater and foraminifera trace element data measured by solution and laser-ablation ICPMS respectively. Seawater
analyses shown are of the reservoir water samples. Laser ablation data represent the mean of all analyses of newly precipitated
calcite. Errors are precision (±2SD) for seawater analyses as the number of analyses was relatively small (n = <10), and
±2SE for laser-ablation data where n was typically greater than 30 (see table 2).
Culture value error
Seawater Li/Ca Na/Ca Mg/Ca Sr/Ca Ba/Ca Li/Ca Na/Ca Mg/Ca Sr/Ca Ba/Ca
mmol
mol-1
mol
mol-1
mol
mol-1
mmol
mol-1
µmol
mol-1
mmol
mol-1
mol
mol-1
mol
mol-1
mmol
mol-1
µmol
mol-1
(1) – Gulf of Eilat at the time of collection
1.80 41.1 5.23 7.89 6.01 0.07 3.9 0.08 0.38 0.28
(2) – Experiment reservoirs
DE1-x 2.10 45.3 5.23 8.59 17.59 0.09 4.3 0.08 0.42 0.81
DE2-17(6) 2.01 42.6 6.82 8.66 18.98 0.08 4.1 0.10 0.42 0.87
DE2-16(5) 1.93 41.6 5.33 8.42 18.65 0.08 4.0 0.08 0.41 0.86
DE2-20(7) 1.60 42.3 4.28 9.27 19.13 0.07 4.0 0.06 0.45 0.88
DE2-21(8) 1.28 42.7 3.34 9.95 16.18 0.05 4.1 0.05 0.48 0.74
DE2-22(9) 0.79 47.1 2.27 10.87 15.63 0.03 4.5 0.03 0.53 0.72
Foraminifera Li/Ca Na/Ca Mg/Ca Sr/Ca Ba/Ca Li/Ca Na/Ca Mg/Ca Sr/Ca Ba/Ca
µmol
mol-1
mmol
mol-1
mmol
mol-1
mmol
mol-1
µmol
mol-1
µmol
mol-1
mmol
mol-1
mmol
mol-1
mmol
mol-1
µmol
mol-1
(1) – Non-calcifying individuals
55.7 25.1 137.3 2.61 4.6 1.1 0.5 1.0 0.03 0.2
(2) – Individual cultures
DE1-1 58.2 23.0 129.9 2.65 13.0 2.4 0.4 1.6 0.04 0.7
DE1-2 61.8 23.3 131.2 2.63 12.2 2.4 0.4 1.6 0.04 0.7
DE1-3 58.0 23.2 135.5 2.60 12.9 1.8 0.7 2.0 0.05 0.6
DE1-4 60.1 23.2 131.4 2.56 11.5 2.6 0.3 1.7 0.04 0.6
DE1-24 61.4 25.0 140.0 2.60 12.3 1.4 0.9 2.4 0.07 0.5
DE1-5 55.1 24.9 143.4 2.58 11.8 2.2 0.9 1.7 0.05 0.6
DE1-6 54.1 26.2 144.2 2.54 11.2 3.6 1.3 2.0 0.04 0.4
DE1-25 55.6 26.3 149.1 2.58 11.4 4.6 1.8 2.2 0.04 0.3
DE1-7 53.0 25.4 151.0 2.53 11.4 2.3 0.7 1.0 0.02 0.4
DE1-8 57.5 25.0 152.5 2.63 11.8 1.5 0.8 2.5 0.04 0.5
DE2-17(6) 53.3 24.2 162.0 2.71 12.0 2.9 0.6 5.7 0.05 1.7
DE2-16(5) 49.9 24.1 141.4 2.56 12.4 2.6 1.0 2.0 0.03 0.4
DE2-20(7) 36.0 22.7 122.2 2.65 13.5 1.6 1.0 2.2 0.05 0.6
DE2-21(8) 30.7 22.1 106.7 2.72 10.2 2.7 0.7 4.0 0.04 0.4
DE2-22(9) 17.2 20.6 72.3 2.66 8.3 1.6 0.7 2.0 0.06 0.4
(3) – Pooled duplicates
19.0◦C 59.1 23.1 130.2 2.65 12.8 2.0 0.3 0.7 0.03 0.5
21.0◦C 58.5 24.1 134.6 2.59 12.6 1.6 1.5 1.7 0.04 0.6
22.5◦C 61.4 25.0 140.0 2.60 12.3 1.4 0.9 2.4 0.07 0.5
24.0◦C 54.8 25.5 143.6 2.56 11.6 1.9 0.8 1.3 0.03 0.4
25.5◦C 55.6 26.3 149.1 2.58 11.4 4.6 1.8 2.2 0.04 0.3
27.0◦C 55.4 25.2 151.8 2.58 11.6 1.5 0.6 1.4 0.03 0.350
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